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SETTLEMENT ANALYSIS OF BACKFILL-LAYER MATERIAL 

IN TARGETED NATIVE ALLUVIAL REMOVAL AREAS 

INTRODUCTION 

The purpose of this Settlement Analysis of Backfill-Layer Material in Targeted Native Alluvial 

Removal Areas calculation package (Package) is to evaluate the estimated settlement of backfill-

layer material in Targeted Native Alluvial Removal Areas (TNARA) in Turning Basin 4 (TB4) of 

Gowanus Canal (referred to as the Canal) under self-weight and after placement of a proposed cap. 

Specifically, this Package presents settlement calculations to evaluate the potential for 

compression of the hydraulically placed backfill-layer material under the loading of: (i) self-

weight; and (ii) placement of a proposed cap. For the purposes of this Package, the settlement of 

the backfill-layer material is calculated using one-dimensional consolidation theory. The 

calculations presented herein do not include the elastic and secondary settlements of the backfill-

layer material as they are negligible for granular backfill. Finally, the backfill layer placement 

requirements are discussed in this Package. 

The remaining parts of this Package are organized to present: (i) methodology; (ii) material 

properties; (iii) analysis results; and (iv) summary and conclusions. 

METHODOLOGY 

Settlement is related to the increase in effective vertical stresses resulting from self-weight of the 

backfill-layer material and the placement of the proposed cap. Total settlement has three 

components: (i) elastic settlement; (ii) primary consolidation settlement; and (iii) secondary 

consolidation settlement. Since typical backfill-layer materials are sands, the settlement 

calculations presented herein do not include the elastic and secondary consolidation settlements as 

they are negligible for granular backfill. The settlement in the backfill-layer materials is assumed 

to occur through only primary consolidation settlement, which is assumed to be immediate, in this 

Package. Assuming a normally consolidated backfill-layer material, the consolidation settlement 

(𝑠𝑐) can be calculated using one-dimensional consolidation theory as follows: 

                                                        𝑠𝑐 =
𝐶𝑐

1 + 𝑒𝑜
𝐻𝑜𝑙𝑜𝑔

𝜎𝑣𝑜
′ + ∆𝜎𝑣

′

𝜎𝑣𝑜
′

                                                         (1) 

where: 

𝐶𝑐 = compression index of backfill-layer material; 
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𝑒𝑜 = initial void ratio of backfill-layer material; 

𝐻𝑜 = initial layer thickness of backfill-layer material (feet [ft]); 

𝜎𝑣𝑜
′  = initial effective vertical stress (pounds per square foot [psf]); and 

∆𝜎𝑣
′  = change in effective vertical stress (psf). 

For the purposes of this Package, the consolidation settlement is calculated for two stages: (i) under 

self-weight of the backfill-layer material; and (ii) after placement of a proposed cap. The settlement 

calculations for each of these stages are detailed in the subsequent sections. The backfill layer is 

assumed to have a thickness of 5 ft in this Package and is discretized into five 1-ft thick sublayers 

for the settlement calculations in each stage. 

Stage 1: Consolidation Settlement Under Self-Weight 

Changes in the thicknesses of the sublayers of the backfill-layer material occur when the material 

consolidates under the weight of the sublayer(s) above it. The change in sublayer thickness (𝑠𝑐1𝑖) 

can be calculated using Equation 1 with 𝜎𝑣𝑜
′  representing the initial effective vertical stress at the 

middle of the sublayer of interest and ∆𝜎𝑣
′  representing the change in effective vertical stress due 

to the weight of the sublayer(s) above the sublayer of interest. The consolidation settlement under 

self-weight is calculated as the summation of the settlement for each sublayer. The void ratio for 

each sublayer at the end of Stage 1 settlement (𝑒𝑠𝑖) is then calculated using Equation 2: 

                                                                     𝑒𝑠𝑖 = 𝑒𝑜 −
𝑠𝑐1𝑖

𝐻𝑜
(1 + 𝑒𝑜)                                                          (2) 

Stage 2: Consolidation Settlement due to Placement of a Proposed Cap 

The consolidation settlement in Stage 2 is related to the increase in effective vertical stress due to 

placement of a proposed cap. The consolidation settlement in Stage 2 is assumed to start 

immediately after the consolidation settlement in Stage 1 has ended. Therefore, the initial 

conditions for each sublayer (effective vertical stress and void ratio) for Stage 2 are the same as 

the conditions at the end of Stage 1. The consolidation settlement of each sublayer due to 

placement of a proposed cap is calculated using equation (1) with 𝜎𝑣𝑜
′  representing the initial 

effective vertical stress at the middle of the sublayer of interest (at the end of Stage 1 settlement) 

and ∆𝜎𝑣
′  representing the change in effective vertical stress due to the placement of a proposed cap. 

The consolidation settlement due to placement of a proposed cap is then calculated as the 

summation of the settlement for each sublayer. 
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Backfill Placement Requirements 

The specifications are expected to require the hydraulic placement of backfill by dumping from a 

clamshell or a tremie in order to achieve initial relative densities as described in the subsequent 

section. Additionally, based on the calculation package entitled “Results of Simulated Vertical 

Specific Discharge Rates from the Native Alluvial Sediments at the 4th Street Turning Basin After 

Dredging, Targeted Removal of Native Sediments, Capping, and Bulkhead Improvements,” the 

average groundwater flows are upward from the glacial deposits through the native alluvial and 

soft sediments and into the Canal. Therefore, after the excavation of the TNARA, the placement 

of large industrial bags (approximately measuring one cubic yard each) of sand-bentonite mix is 

expected to be required to prevent any uplift or heave from occurring and limit significant increase 

in TB4 groundwater flow relative to existing conditions. 

MATERIAL PROPERTIES  

For the backfill-layer material used at the TNARA, the specifications are expected to call for the 

use of a material similar to the following New York State Department of Transportation 

(NYSDOT) aggregates (NYSDOT 2008): coarse aggregate types 1B and 1A, Cushion Sand, and 

Concrete Sand. The grain-size distributions for coarse aggregate types 1B and 1A are shown in 

Figure 1, and the gradations for Cushion Sand and Concrete Sand are shown in Figures 2 and 3, 

respectively.  

The minimum and maximum void ratios (emin and emax) of sands depend primarily on the particle 

roundness (R) and the uniformity coefficient (Cu) (EPRI, 1990) and can be estimated using Figure 

4. The uniformity coefficient is defined as the ratio of D60/D10, where D60 and D10 are the grain 

size diameters, in millimeters, corresponding to 60 percent and 10 percent of particles finer by 

weight, respectively, on the grain size distribution curve. The range of values for roundness ranges 

from approximately 0.17 for very angular particles to approximately 0.70 for well-rounded 

particles (EPRI, 1990). Based on the information presented in Figures 1 through 3, the material 

selected for the backfill may range from a well-graded material with a uniformity coefficient as 

high as approximately 10 in the case of Concrete Sand, to a poorly-graded or uniform material 

with a uniformity coefficient as low as approximately 1.2 in the case of coarse aggregate type 1A. 

Based on these values, a uniformity coefficient of 1.2 was conservatively selected since it 

correlates to the highest void ratio (loosest state) and the highest variability (i.e., lower uniformity 

coefficients correlate to a wider range of possible void ratios), as shown in Figure 4. For the 

purposes of this Package, the particles of the backfill material are assumed to be subrounded with 

a roundness value of 0.35. Consequently, using Figure 4, the estimated values for the maximum 

and minimum void ratios are 0.9 and 0.5, respectively. 
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As previously mentioned, the specifications are expected to require placement by dumping from a 

clamshell or a tremie. This placement technique results in relative density (Dr) values of the 

backfill-layer material between 30 and 50 percent (van‘t Hoff and van der Kolff, 2012). For this 

Package, an initial relative density of 30 percent was conservatively assumed for the backfill-layer 

material and the corresponding initial void ratio (eo) was calculated to be 0.78 using Equation 3: 

                                                         𝑒𝑜 = 𝑒𝑚𝑎𝑥 − 𝐷𝑟(𝑒𝑚𝑎𝑥 − 𝑒𝑚𝑖𝑛)                                                         (3) 

The total unit weights of the backfill-layer material and the large industrial bags were assumed to 

be 115 pounds per cubic foot (pcf). Based on the calculation package entitled “Geotechnical and 

Structural Stability of Cap and ISS Soils” the weighted average total unit weight of the proposed 

cap was estimated to be 127 pcf. The thickness of the proposed cap was assumed to be 3 ft. The 

compression index (Cc) for the backfill-layer material was estimated to be 0.04 using a one-

dimensional consolidation curve for a normally consolidated poorly graded sand reported in Holtz 

and Kovacs (1981). This value is consistent with a range of reported compression index values for 

loose sands (Widodo and Ibrahim, 2012).  

ANALYSIS RESULTS 

The calculated settlements for each sublayer of the backfill-layer material under self-weight (Stage 

1) are presented in Table 1. The total consolidation settlement calculated for Stage 1 is 0.81 inches. 

The calculated settlements for each sublayer of the backfill-layer material due to placement of a 

proposed cap (Stage 2) are presented in Table 2. The total consolidation settlement calculated for 

Stage 2 is 0.67 inches. The calculated factors of safety against uplift or heave for the large 

industrial bags placed at the bottom of the TNARA are presented in Table 3. 

SUMMARY AND CONCLUSIONS 

The purpose of this Package was to evaluate the settlement of backfill-layer material in Targeted 

Native Alluvial Removal Areas (TNARA) under the self-weight of the backfill and due to the 

placement of a proposed cap. The settlement was estimated for a 5-ft thick layer of backfill material 

that is similar to NYSDOT aggregates 1B, 1A, Cushion Sand, and/or Concrete Sand. For the 

analyses and assumptions presented in this Package, the consolidation settlement of the backfill 

material under self-weight and due to the placement of a proposed cap were calculated to be 0.81 

and 0.67 inches, respectively. Additionally, the placement of a single layer of large industrial bags, 

measuring 3 x 3 x 3 cubic feet each, at the bottom of the TNARA is anticipated to be required to 

prevent any heave from occurring and limit significant increase in TB4 groundwater flow relative 

to existing conditions.  
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Table 1.  Calculated Settlements of Backfill-Layer Material Under Self-Weight 

Sublayer Number 𝝈𝒗𝒐
′  (psf) ∆𝝈𝒗

′  (psf) 𝒔𝒄𝟏 (inch) es 

1 (bottom lift) 

26.3 

210.4 0.26 0.74 

2 157.8 0.23 0.75 

3 105.2 0.19 0.75 

4 52.6 0.13 0.76 

5 (top lift) 0 0 0.78 

Legend: 

𝜎𝑣𝑜
′   - initial effective vertical stress at the middle of the lift

∆𝜎𝑣
′ - change in effective vertical stress due to the placement of subsequent lifts 

𝑠𝑐1  - consolidation settlement under self-weight

es    - void ratio at the end of self-weight settlement 

psf  - pound per square foot 
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Table 2.  Calculated Settlements of Backfill-Layer Material Due to Placement of 

Proposed Cap 

Sublayer Number 𝝈𝒗𝒐
′  (psf) ∆𝝈𝒗

′  (psf) 𝒔𝒄𝟐 (inch) ef 

1 (bottom lift) 236.7 

193.8 

0.07 0.73 

2 184.1 0.09 0.73 

3 131.5 0.11 0.74 

4 78.9 0.15 0.74 

5 (top lift) 26.3 0.25 0.74 

Legend: 

𝜎𝑣𝑜
′   - initial effective vertical stress at the middle of the lift (end of consolidation settlement under self-weight)

∆𝜎𝑣
′ - change in effective vertical stress due to the placement of a proposed cap 

𝑠𝑐2  - consolidation settlement due to the placement of a proposed cap

ef    - void ratio at the end of consolidation settlement after placement of a proposed cap 

psf  - pound per square foot 
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Table 3.  Calculated Factors of Safety Against Uplift of Large Industrial Bags 

Water Head (ft) Water Pressure (psf) 

Total Pressure from 

one Layer of Large 

Industrial Bags(psf) 

Calculated FS 

Against Uplift 

3 187.2 

345 

1.84 

4 249.6 1.38 

5 312.0 1.11 

Legend: 

ft    - foot 

psf  - pound per square foot 

FS  - factor of safety 
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